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Cannabinoid CB, receptor activation has been reported to attenuate myocardial, cerebral and hepatic ischaemia-reperfusion

(I/R) injury.
EXPERIMENTAL APPROACH

We have investigated the effects of a novel CB; receptor agonist ((15,4R)-2-(2,6-dimethoxy-4-(2-methyloctan-2-yl)phenyl)-7,7-
dimethylbicyclo[2.2.1]hept-2-en-1-yl)methanol (HU-910) on liver injury induced by 1 h of ischaemia followed by 2, 6 or 24 h

of reperfusion, using a well-established mouse model of segmental hepatic I/R.

KEY RESULTS

Displacement of [*H]CP55940 by HU-910 from specific binding sites in CHO cell membranes transfected with human CB;

or CB; receptors (hCB/2) yielded K; values of 6 nM and 1.4 uM respectively. HU-910 inhibited forskolin-stimulated cyclic
AMP production by hCB, CHO cells (ECso = 162 nM) and yielded ECso of 26.4 nM in [3S]GTPyS binding assays using hCB,
expressing CHO membranes. HU-910 given before ischaemia significantly attenuated levels of I/R-induced hepatic pro-
inflammatory chemokines (CCL3 and CXCL2), TNF-q, inter-cellular adhesion molecule-1, neutrophil infiltration, oxidative
stress and cell death. Some of the beneficial effect of HU-910 also persisted when given at the beginning of the reperfusion
or 1 h after the ischaemic episode. Furthermore, HU-910 attenuated the bacterial endotoxin-triggered TNF-o. production in
isolated Kupffer cells and expression of adhesion molecules in primary human liver sinusoidal endothelial cells stimulated with
TNF-o.. Pretreatment with a CB, receptor antagonist attenuated the protective effects of HU-910, while pretreatment with a

CB, antagonist tended to enhance them.

CONCLUSION AND IMPLICATIONS

HU-910 is a potent CB, receptor agonist which may exert protective effects in various diseases associated with inflammation

and tissue injury.
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Abbreviations

4-HNE, 4-hydroxy-2-nonenal (marker of lipid peroxidation); CB, or CB; receptor, cannabinoid 1 or 2 receptor; HU-910,
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ischaemia/reperfusion; ICAM-1, inter-cellular adhesion molecule 1, CD54;CCL2, monocyte chemotactic protein-1;
CCL3, macrophage inflammatory protein-1o; CXCL2, macrophage inflammatory protein-2a; VCAM-1, vascular cell

adhesion molecule 1

Introduction

Ischaemia followed by reperfusion (I/R) is a major mecha-
nism leading to end-organ damage which complicates the
course of circulatory shock, organ transplantation, myocar-
dial infarction, stroke and may accompany surgical interven-
tions involving vascular occlusion. The common pathology
of these conditions is that the transient disruption of the
normal blood supply to target organs followed by reperfusion
induces an acute generation of reactive oxygen and nitrogen
species subsequent to reoxygenation upon vascular reopen-
ing (Ferdinandy and Schulz, 2003; Pacher et al., 2007). These
changes initiate a chain of deleterious cellular responses
leading to inflammation, cell death and eventually culminat-
ing in target organ dysfunction or failure (Liaudet et al., 2003;
Pacher and Hasko, 2008).

Activation of cannabinoid CB, receptors (nomenclature
follows Alexander et al., 2011) has been reported to attenu-
ate injury in preclinical models of myocardial (Montecucco
et al., 2009), cerebral (Zhang et al., 2009a,b) and hepatic I/R
injury (Batkai ef al., 2007; Rajesh et al., 2007) in addition to
numerous other inflammatory disorders (Pacher et al., 2006;
Di Marzo, 2008; Pacher and Mechoulam, 2011). Further-
more, CB, receptors protect liver against development of
fibrosis (Julien et al., 2005; Lotersztajn et al., 2008) and may
also play an important role in liver regeneration (Teixeira-
Clerc etal., 2010) and protection against alcohol-induced
liver injury.

We have already demonstrated that the CB, receptor ago-
nists HU-308 and JWH-133 afforded protection against
hepatic I/R injury only in doses of 10 and 20 mg-kg™" (given
i.p.) (Batkai et al., 2007; Rajesh et al., 2007). In this study, we
have investigated the effects of a novel CB, receptor agonist
((1S,4R)-2-(2,6-dimethoxy-4-(2-methyloctan-2-yl)phenyl)-7,
7-dimethylbicyclo[2.2.1]hept-2-en-1-yl)methanol (HU-910;
Figure 1) with greater in vivo efficacy (effective from 1 mg-kg™
i.p.) compared with HU-308 and JWH-133, on liver injury
induced by 1h of ischaemia followed by 2, 6 or 24 h of
reperfusion, using a well-established mouse model of seg-
mental hepatic I/R (Rajesh et al., 2007; Moon et al., 2008; Abe
et al., 2009; Mukhopadhyay etal., 2011b). We have also
explored the effects of HU-910 on the production of TNF-a by
murine Kupffer cells (key resident macrophage-derived
inflammatory cells of the liver) triggered by bacterial
endotoxin/lipopolysaccharide (LPS), and on the expression of
adhesion molecules in primary human liver sinusoidal endot-
helial cells (HLSEC) stimulated with TNF-c.

Our findings strengthen the potential of HU-910 for the
prevention or treatment of I/R injury and other inflammatory
disorders.

Methods

Cell line generation and maintenance

The cDNA clones for human CB; and CB, receptors tagged
with three haemagglutinin (HA) sequences were obtained
from the Missouri S&T cDNA Resource Center (http://
www.cdna.org) in cloning vector pcDNA3.1 + (pcDNA 3 x HA
hCB,)2). The vector containing the human CB, receptor was
transfected directly into CHO-KI cells obtained from ATCC.
The HA-tagged human CB; receptor sequence was subcloned
into the pef4-V5-HisA vector with Kpnl (Roche) and Pmel
(New England Biolabs) restriction enzymes and subsequently
transfected into CHO-K1 cells using Lipofectamine 2000
according to the manufacturer’s instructions (Invitrogen).
Cells were clonally isolated by limited dilution and screened
by immunocytochemistry for expression of the HA tag.
Clones expressing the HA tag were also screened by reverse
transcription PCR to confirm expression of human CB; and
human CB, receptor mRNA transcripts.

Cells were maintained in Dulbecco’s modified Eagle
medium: nutrient mixture F-12 (DMEM/F12) media supple-
mented with 10% fetal bovine serum (FBS), 100 units-mL™
penicillin and 100 pug-mL™" streptomycin and 2 mM
L-glutamine. Transfected cell lines were maintained with
additional 250 pg-mL™ zeocin for CHO-CB; transfected cells
and 500 ug-mL™" G-418 for CHO-CB, transfected cells (all
reagents obtained from Invitrogen).

Membrane preparation

Cells were grown to 90-100% confluence and harvested in
ice-cold phosphate buffered saline with 5 mM EDTA. Cells
were centrifuged at 200x g for 10 min and frozen at —80°C
until required. Cell pellets were thawed with cold 0.32 M
sucrose and homogenized with a glass homogenizer. The
homogenate was centrifuged at 1000x g for 10 min at 4°C and
the supernatant centrifuged in a Sorvall ultracentrifuge for
30 min at 100 000x g. The pellet was then washed in ice-cold
Tris wash buffer and re- centrifuged twice more. The final
pellet was resuspended in 50 mM Tris pH 7.5, 0.5 mM EDTA.
Protein concentration was determined using the Dc protein
assay kit (Bio-Rad, Hercules, CA, USA).
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Competition binding assay

The Kq of CP 55,940 in the isolated CB; and CB, receptor
expressing membranes was previously determined to be
2.3 nM and 1.5 nM respectively. Competition binding assays
at 2.5 nM [*H]-CP 55,940 (PerkinElmer) were carried out to
determine the K; values for tested compounds. Membranes
(5-10 pg) were incubated with radioligand and a range of
concentrations of test compounds in binding buffer (50 mM
Tris pH 7.4, 5 mM MgCl,, 1 mM EDTA) with 0.5% (w/v)
bovine serum albumin (BSA) (ICP Bio, New Zealand), at 30°C
for 60 min. Stock solutions of putative cannabinoid ligands
were prepared in DMSO to a concentration of 10 mM. Six
different final concentrations of compounds were used
ranging from 0.1 nM to 50 uM. Non-specific binding was
determined in the presence of 1uM non-radioactive CP
55,940 (Tocris Cookson). Assays were terminated by addition
of 3 mL ice-cold binding buffer and filtration through GF/C
filters (Whatman) pre-soaked in cold binding buffer, followed
by two washes in the same buffer.

Radioactivity was determined by incubation of filters with
Irgasafe scintillation fluid (PerkinElmer) and scintillation
counting in a Wallac Trilux using Microbeta Trilux software.
Data was analysed using the Prism 4.02 program (GraphPad
Software, San Deigo, CA, USA).

CAMP assay

CHO-CB; and CHO-CB:; cells were seeded at a density of 10*
cells per well in poly-L-lysine treated 96-well culture plates
(BD Biosciences). The following day wells were incubated
with 40 uL. DMEM/F12 containing 0.5% (w/v) BSA and
0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) for
30 min prior to 15 min stimulation with 50 uM forskolin
(Tocris Cookson) and varying concentrations of indicated
compounds at 37°C, 5% CO,. Assays were stopped by removal
of media and addition of 100% ice-cold ethanol. Plates were
then frozen for a minimum of 2 h before complete evapora-
tion of ethanol. The well contents were then reconstituted in
50 uL cAMP assay buffer (20 mM HEPES pH 7.5 and 5 mM
EDTA). Half of the reconstituted sample was transferred to
round bottom 96-well plates (Greiner Bio-One GmbH) with
50 uL 0.01% w/v cAMP dependent protein kinase A [PKA
(Sigma-Aldrich) in 1 mM sodium citrate pH 6.5 with 2 mM
dithiothreitol] and 25 uL [*H]-cAMP (at 22 nM in cAMP assay
buffer) (GE Healthcare, Life Sciences). Samples were then
allowed to equilibrate for 3-18 h. Following this, a charcoal
slurry [5% (w/v) activated charcoal and 0.2% (w/v) BSA in
cAMP assay buffer] was added to the samples and the plates
centrifuged at 3000x g, 4°C for 5 min. A sample of the super-
natant was then transferred to 96-well flexible microplates
(PerkinElmer) and 200 uL Irgasafe scintillation fluid (Perki-
nElmer) added. Plates were sealed, vigourously agitated and
scintillation counting performed by a Wallac Trilux using
Microbeta Trilux software.

[?*S]GTPYS binding assay

Human CB, receptor expressing CHO-K1 membranes (5 ug
per incubation mixture) were diluted in 50 mM Tris-HCI (pH
7.5) and 0.5 mM EDTA and added to the indicated com-
pounds in a pre-mixed incubation cocktail. Final incubation
concentrations were 55 mM Tris-HCI (pH 7.4), 1 mM EDTA,
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100 mM NaCl, 5 mM MgCl,, 0.5% BSA, 50 uM GDP, 0.2 nM
[**S]JGTPyS (PerkinElmer) with varied concentrations of com-
pounds (0.1 nM-10 uM) and 5 pug membrane. Incubations
were continued for 60 min at 30°C in a shaking water bath.
Assays were terminated by addition of 2 mL ice-cold wash
buffer (50 mM Tris-HCI, pH 7.5 and 5 mM MgCl,) and filtra-
tion through pre-soaked GF/C filters (Whatman), followed by
two further washes. Radioactivity was determined as
described for competition binding assays.

Hepatic ischaemia-reperfusion

All animal care and experimental procedures complied with
the National Institutes of Health (NIH) guidelines for the care
and use of laboratory animals and were approved by the
Institutional Animal Care and Use Committees of the
National Institute on Drug Abuse (NIAAA). Male C57BL/6]
mice (25-30 g; Jackson Laboratories, Bar Harbor, ME, USA)
were anesthetized with pentobarbital sodium (65 mg-kg™
i.p.). We used the model of segmental (70%) hepatic
ischaemia, as described by Mukhopadhyay et al., (2011b).
Briefly, the liver was exposed by midline laparotomy and the
hepatic artery and the portal vein were clamped using an
atraumatic micro-serrefine. This method of partial ischaemia
prevents mesenteric venous congestion by allowing portal
decompression throughout the right and caudate lobes of the
liver. The duration of hepatic ischaemia was 60 min, after
which the vascular clips were removed and liver was reper-
fused for 2, 6 or 24 h, as indicated. Sham surgeries were
identical except that hepatic blood vessels were not clamped
with a micro-serrefine. The liver was kept moist at 37°C with
gauze soaked in 0.9% saline. Body temperature was moni-
tored with a rectal temperature probe and was maintained at
37°C by a heating blanket. Treatments with HU-910 0.3, 1, 3
and 10 mg-kg™' or vehicle (i.p.), started 2 h before I/R or were
given after ischaemia at the moment of reperfusion, as indi-
cated in the text. CB, and CB, receptor antagonists were given
2 h before ischaemia or HU-910 treatment. At the experimen-
tal end points, blood was collected and liver samples were
removed and snap-frozen in liquid nitrogen for determining
biochemical parameters or fixed in 4% buffered formalin for
histopathological evaluation (Moon et al., 2008).

Serum aspartate amino-transferase (AST) and
alanine amino-transferase (ALT) levels

The activities of AST and ALT, indicators of liver cellular
damage (necrosis), were measured in serum samples using a
clinical chemistry analyser system (VetTest 8008, IDEXX
laboratories, Westbrook, ME, USA) (Moon et al., 2008).

Histological examination of liver sections

Liver samples were fixed in 4% buffered formalin. After
embedding and cutting 5 um slices, all sections were stained
with haematoxylin/eosin. Neutrophils were stained for
myeloperoxidase (MPO) using anti-MPO antibody, according
to the manufacturer’s protocol (Biocare Medical, Concord,
CA, USA), and samples were counter-stained with nuclear fast
red as described (Mukhopadhyay et al., 2011b). Histological
evaluation was performed without knowledge of the
treatments.
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Chemical structure and representative graphs of binding assays of HU-910. (A) Chemical structure of HU-910. (B) Competition binding assays were
performed with either CHO-CB; or CHO-CB; cellular membranes by displacement of 2.5 nM [®H]CP 55,940. (C) Representative graph of inhibition
of forskolin (fsk)-stimulated cAMP accumulation in CHO 3HA hCB, cells by HU910. Data was normalized to the maximum response achieved by
HU-308 in parallel stimulations. (D) GTPyS binding at CB,. HU910 mediated GTPyS binding at CHO-CB, membranes. Data is shown as [>*S]GTPyS
binding normalized to maximal HU-308 binding under the same experimental conditions. Values in graphs are means = SEM, n = 4-5.

Real-time PCR analyses of mRNA

Total RNA was isolated from liver homogenate using TRIzol
reagents (Invitrogen, Carlsbad, CA, USA) according to manu-
facturer’s instructions. The isolated RNA was treated with
RNase-free DNase (Ambion, Austin, TX, USA) to remove
traces of genomic DNA contamination. Samples (1ug) of total
RNA were reverse-transcribed to cDNA using the SuperScript
II (Invitrogen, Carlsbad, CA, USA). The target gene expression
was quantified with Power SYBER Green PCR Master Mix
using an ABI HT7900 real-time PCR instrument (Applied Bio-
systems, Foster City, CA, USA). Each amplified sample in all
wells was analysed for homogeneity using dissociation curve
analysis. After denaturation at 95°C for 2 min, 40 cycles were
performed at 95°C for 10s and at 60°C for 30s. Relative
quantification was calculated using the comparative CT

method (2-AACt method: AACt = ACt sample — ACt reference).
Lower ACT values and lower AACT reflect a relatively higher
amount of gene transcript.

Primers used were as follows:

CCL3, 5-TGCCCTTGCTGTTCTTCTCTG-3" and 5-CAA
CGATGAATTGGCGTGG-3; CXCL2, 5-AGTGAACTGCGCTG
TCAATGC-3’ and 5’-AGGCAAACTTTTTGACCGCC-3’; TNF-a,
5’-AAGCCTGTAGCCCACGTCGTA-3" and S-AGGTACAACC
CATCGGCTGG-3; ICAM-1, S5-AACTTTTCAGCTCCGGTC
CTG-3' and S-TCAGTGTGAATTGGACCTGCG-3; CB;y,
5-ATGAAGTCGATCCTAGATGGCCTTGCAGA-3" and 5'TCA
CAGAGCCTCGGCAGACGTG-3’; CB,, 5-GACCTTCACAGCC
TCTGTGGGTA-3 and 5-GATTTTCCCATCAGCCTCTGTCT-3;
and actin, 5-TGCACCACCAACTGCTTAG-3’ and 5-GGATGC
AGGGATGATGTTC-3'.
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Hepatic 4-hydroxynonenal (HNE) content
Lipid peroxides are unstable indicators of oxidative stress in
cells that decompose to form more complex and reactive
compounds such as HNE, which has been shown to be
capable of binding to proteins and forming stable HNE
adducts. HNE in the hepatic tissues was determined using a
kit (Cell Biolabs, CA, USA). In brief, BSA or hepatic tissue
extracts (10 ug-mL™") are adsorbed onto a 96-well plate for
12 h at 4°C. HNE adducts present in the sample or standard
were probed with anti-HNE antibody, followed by an horse-
radish peroxidase (HRP)-conjugated secondary antibody. The
content of HNE-protein adducts in an experimental sample
was determined by comparing with a standard curve (Mukho-
padhyay et al., 2010).

Detection of hepatic carbonyl adducts

Carbonyl content in liver tissues was determined by OxiSelect
Protein Carbonyl ELISA Kit (Cell Biolabs, CA, USA) (Mukho-
padhyay et al., 2011a). In brief, BSA standards or protein
samples (10 pg-mL™) were adsorbed onto a 96-well plate for
2 h at 37°C. The protein carbonyls present in the sample or
standard were derivatized to DNP hydrazone and probed with
an anti-DNP antibody, followed by an HRP-conjugated sec-
ondary antibody. The protein carbonyl content in unknown
sample was determined by comparing with a standard curve,
prepared from reduced and oxidized BSA standards.

Detection of apoptosis by caspase 3/7

activity assays

Caspase 3/7 activity in hepatic tissue lysate was measured
using the Apo-One Homogenous Caspase-3/7 assay Kkit
(Promega Corp., Madison, WI, USA). An aliquot of caspase
reagent was added to each well and mixed on a plate shaker
for 1 h at room temperature shielded from light, and the
fluorescence was measured (Rajesh et al., 2009; 2010).

Hepatic DNA fragmentation ELISA

The quantitative determinations of cytoplasmic histone-
associated-DNA-fragmentation (mono and oligonucleo-
somes) due to cell death in liver homogenizates were
measured using ELISA kit (Roche Diagnostics GmbH) (Mukho-
padhyay et al., 2009; Rajesh et al., 2010).

Isolation and stimulation of hepatic

Kupffer cells

Livers were perfused in deeply anaesthetized mice and the
livers were excised for isolation of Kupffer cells. Hepatic cel-
lular contents were released from the stroma by digestion
with the perfusion medium (hepatocyte wash media) con-
taining collagenase type 1 (Sigma, St. Louis, MO, USA) and
2% Penicillin and Streptomycin (Invitrogen, Carlsbad, CA,
USA). Kupffer cells were isolated using Optiprep gradient.
Kupffer cell fraction was aspirated and washed twice with
RPMI 1640 medium. Homogenous Kupffer cells population
was obtained by using negative selection (anti-CD146) LS
column according to the manufacturer’s instruction (Milte-
nyi Biotec, Auburn, CA, USA) as described earlier (Mukho-
padhyay et al., 2011b). After additional washes, Kupffer cells
were plated on to 96-well or six-well plates in RPMI 1640
media, containing 10% FBS and penicillin-streptomycin, and
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Figure 2

HU-910 attenuates hepatic ischaemia/reperfusion (I/R) injury. (A,B)
Serum transaminase alanine amino-transferase (ALT) (A) and aspar-
tate amino-transferase (AST) (B) levels in sham operated mice treated
with vehicle (Veh) or HU-910 (n = 4-5) or in mice exposed to 1 h of
hepatic ischaemia followed by 2, 6 and 24 h of reperfusion with
vehicle or HU-910 (3 mg-kg™") given before ischaemia (n = 6-10).
Results are mean *= SEM. *P < 0.05 vehicle versus I/R 2, 6 and 24 h;
#P < 0.05 I/R 2, 6 and 24 h versus corresponding I/R + HU-910.

incubated overnight in a CO, incubator at 37°C and 5% CO..
Cells were maintained for 2 h with RPMI 1640 medium con-
taining FBS (2%). HU-910 or HU-308 or the CB, receptor
antagonists (SR144528 or AM-630) at indicated concentra-
tions were added 1h prior to LPS treatment. Cells were
treated for 6 h with LPS (Escherichia coli O127:BB catalogue #
L3129, Sigma Chemicals, St Louis, MO, USA). After the end of
treatments, culture supernatants were removed and snap
frozen in liquid nitrogen and assayed for the TNF-o. concen-
trations with the use of ELISA kit (Mouse TNF-o; catalogue #
SMTAOQO; R&D Systems, Minneapolis, MN, USA) as described
by Mukhopadhyay et al., (2011b).

Cell surface inter-cellular adhesion molecule

1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) expression assay

Cell surface expression of ICAM-1 and VCAM-1 in the HLSEC
was measured by in situ ELISA as described (Rajesh ef al., 2007).
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Figure 3

HU-910 dose-dependently attenuates hepatic ischaemia/reperfusion (I/R) injury: role of CB,. receptors. (A,B) Serum transaminase alanine
amino-transferase (ALT) (A) and aspartate amino-transferase (AST) (B) levels in sham operated mice treated with vehicle (Veh) or SR144528 (SR2;
3 mg-kg™) or SR141716A (SR1; 3 and 10 mg-kg™) (n=4-5) or in mice exposed to 1 h of hepatic ischaemia followed by 6 h of reperfusion treated
with vehicle or HU-910 (0.3, 1, 3 or 10 mg-kg™) or SR144528 (3 mg-kg™") or SR141716A (3 and 10 mg-kg™") or their combinations (n = 4-8) given
before ischaemia. Results are mean + SEM. *P < 0.05 vehicle versus I/R 6 h; #P < 0.05 I/R 6 h versus I/R 6 h + SR1/HU-910/HU-910 + SR2; $P <
0.051/R 6 h + HU-910 (3 or 10 mg-kg™) versus corresponding I/R 6 h + SR2 + HU-910 or I/R 6 h + SR1 (10 mg-kg™") versus corresponding I/R 6 h

+ SR1 + HU-910 treatment.

In brief, HLSEC cells were grown in 96-well plates. After
treatments as described in Figure 14, in situ ELISA was per-
formed with anti-mouse ICAM-1 or VCAM-1 monoclonal
antibodies (1:1500 dilution; R&D Systems) and by measuring
the absorbance colorimetrically at 450 nm using the HRP-
3,3’,5,5-tetramethylbenzidine developing system (Sigma, St.
Louis, MO, USA). Each treatment was performed in triplicate,
and the experiments were repeated three times.

Analysis of data
For binding data the K; was determined from ICs, values
derived from competition binding data fitted with one site

competition non-linear regression analysis by Prism 4.02
using the Kq values shown in Table 1. pICs, values were deter-
mined from cAMP assays by fitting a sigmoidal concentration
response curve. Results shown were generated by averaging at
least three independently determined plICs, values. Data
shown is mean ICs, (95% confidence interval). Emax values
were calculated as a percentage of the maximal response
detected in parallel cAMP assays with HU-210 or HU-308 for
CB,; and CB, receptor expressing cells respectively. Data are
displayed as the mean = SEM.

For all experiments presented in Figures 2-14, values have
been expressed as means and variability as SEM. Statistical

British Journal of Pharmacology (2012) 165 2462-2478 2467
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HU-910 treatment at reperfusion or 1 h later attenuates hepatic ischaemia/reperfusion (I/R) injury. Serum transaminase alanine amino-transferase
(ALT) and aspartate amino-transferase (AST) levels in mice exposed to 1 h of hepatic ischaemia followed by 6 h of reperfusion treated with vehicle
or HU-910 (3 or 10 mg-kg™) right after the ischaemia (A) or 1 h after reperfusion (B). Results are mean + SEM, n = 7-8. #P < 0.05 versus

corresponding mice exposed to I/R for 6 h.

Table 1

HU-910 activates CB, receptors in vitro

Competition binding assay cAMP assay
CB; receptor CB, receptor CB; receptor
Ki (nM) Ki (]J,M) lcso (nM)
HU-910 6 1.37 162
HU-308 14 ND 117

[3*S]GTPyS
CB, receptor CB; receptor
Emax (%) 1Cs0 (LM) Emax ECso (nM) Emax (%)
105 = 12 ND - 26.4 121 =7
100 = 0 ND - 18.3 100 =

Data shown are ICso values. Emax values were calculated as a percentage of the maximal response detected in parallel CAMP assays with
HU-308. Data are displayed as the mean = SEM. ND, no detectable inhibition of cAMP or displacement of radioactive binding up to 10 uM.

significance among groups was determined by one-way
ANOVA followed by Newman-Keuls post hoc analysis using
GraphPad Prism 5 software (San Diego, CA, USA). Probability
values of P < 0.05 were considered significant.
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Materials
The chemical structure of HU-910 is shown in Figure 1. The
synthesis of HU-910 has been presented at a meeting of the
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HU-910 attenuates histological damage at 24 h following ischaemia. Haematoxylin and eosin staining of representative liver sections of sham mice
treated with vehicle (Sham), and mice exposed to 1 h of ischaemia followed by 24 h of reperfusion treated with vehicle [ischaemia/reperfusion
(1/R) 24 h] or HU-910 3 mg-kg™' (I/R + HU-910) or combined HU-910 3 mg-kg™" and SR144528 (SR2; 3 mg-kg™") (I/R + SR2 + HU-910) given before
ischaemia. Note the marked attenuation of the coagulation necrosis and inflammatory cell infiltration characteristic of I/R 24 h by HU-910, which
was mostly prevented by pretreatment with SR144528. At this dose SR144528 alone had no effect on I/R-induced histopathological injury; likewise
neither HU-910 nor SR144528 had effects on normal liver histology in sham controls (data not shown). Upper row of images depicts 200 x
magnification, while the lower one 400 x magnification. A similar histological profile was seen in 3-5 livers per treatment group.

International Cannabinoid Research Society (Magid et al.,
2010a) and in a patent (Magid et al., 2010b). HU-910 has a
unique bicyclic structure, in the non-aromatic portion of the
molecule. Its synthesis follows a number of steps starting
with a Suzuki cross-coupling reaction using (+)-camphor-10-
sulphonyl chloride (Sigma-Aldrich) and 2,6-dimethoxy-4-(2-
methyloctan-2-yl)benzene (Dominianni et al., 1977).

The CB; and CB, receptor antagonists/inverse agonists
SR141716A and SR144528 were obtained from the National
Institute on Drug Abuse (NIDA) Drug Supply Program. For in
vivo administration, all drugs were dissolved in vehicle solu-
tion (one drop of Tween-80 in 3 mL 2.5% dimethyl sulphox-
ide in saline) as previously described (Batkai et al., 2007).
Vehicle solution was used in control experiments.

Results

As shown in Table 1 and in Figure 1B-D, HU-910 behaved in
all assays as a potent agonist at human CB, receptors (com-
parable to the reference CB, receptor agonist HU-308).

HU-910 attenuates markers of hepatic I/R
injury (ALT, AST)

For assessments of hepatocellular damage of the post-
ischaemic liver, the serum transaminase activities (AST and

ALT), markers of necrosis, were measured. After 1 h of
ischaemia and a subsequent 2 or 6 h of reperfusion (I/R 2 h
and I/R 6 h respectively), a dramatic increase in liver enzyme
activities were observed in vehicle-treated C57B16/] mice as
compared with sham-operated controls, which almost
returned to baseline at 24 h of reperfusion (I/R 24 h)
(Figure 2). HU-910 was able to attenuate these increases in
the markers of hepatic I/R injury at all measured time points,
while HU-910 alone had no effects on ALT and AST levels in
the sham animals compared with the vehicle-treated group
(Figure 2).

Because the peak elevation of ALT and AST is known to
occur around 6 h of reperfusion (Abe et al., 2009; Mukho-
padhyay et al., 2011b), as also demonstrated in Figure 2, this
time point was chosen to evaluate the maximal hepatocellu-
lar injury (necrosis) in the subsequent experiments.

Pretreatment with HU-910 (0.3, 1, 3 or 10 mg-kg'i.p.) 2 h
before the induction of the ischaemia dose-dependently
attenuated the serum transaminase elevations (ALT and AST)
at 6 h of reperfusion compared with vehicle (Figure 3). Fur-
thermore, pretreatment with the CB, receptor antagonist
SR144528 (3 mg-kg' i.p.) significantly attenuated the effect
of 3 or 10 mg-kg™! HU-910 at the time of the peak serum ALT
and AST elevations, implying a role for CB, receptors in the
beneficial effects of HU-910 (Figure 3). Because the protective
effect of 3 and 10 mg-kg™' of HU-910 were similar (Figure 3),
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and the protection afforded by the lower dose could almost
completely be prevented by pretreatment with SR144528
(3 mg-kg™i.p.), 3 mg-kg! HU-910 was used in the subsequent
experiments. Given alone, SR144528 (3 mg-kg') did not
affect the I/R-induced increase in liver enzymes, while pre-
treatment with the CB; receptor antagonist SR141716A
(3 mg-kg? and 10 mg-kg™") alone attenuated the markers of
hepatic I/R injury and potentiated the effect of HU-910, when
given in combination (Figure 3). At higher doses (above
10 mg-kg'), SR144528 alone did attenuate the hepatic I/R
injury (data not shown).

HU-910 treatment given immediately after the induction
of the ischaemia (Figure 4A) or 1 h following the reperfusion
(Figure 4B) still attenuated, although to a lesser extent than
in the pretreatment experiments, the hepatic injury mea-
sured at 6 h of reperfusion.

HU-910 improves I/R-induced

histological damage

Haematoxylin and eosin staining of representative liver sec-
tions after 24 h of reperfusion showed (Figure 5) that I/R
induced marked coagulation necrosis (lighter areas, with
marked inflammatory cell infiltration), which was dramati-
cally reduced and became more focal in mice treated with
HU-910 (3 mg-kg™" i.p.). Pretreatment with the CB, receptor
antagonist/inverse agonist SR144528 (3 mg-kg™ i.p.) almost
completely prevented the protective effect of HU-910, as seen
on liver histology. Vehicle or HU-910 treatment in the sham
animals had no effect on liver histopathology. A similar histo-
logical profile was seen throughout the group (n = 3-5 mice).

HU-910 attenuates the marked neutrophil
infiltration induced by I/R

Neutrophils are important mediators of the delayed tissue
injury following I/R. Most of the hepatic neutrophil infiltra-
tion is known to occur between 6 and 24 h of reperfusion
(Abe et al., 2009; Mukhopadhyay et al., 2011b). An indicator
of neutrophil infiltration is the tissue MPO activity. In sham-
treated mice, MPO staining was barely detectable (Figure 6).
In contrast, there was a marked increase in infiltrating MPO-
positive immune cells (brown staining) after 24 h of reperfu-
sion in vehicle treated animals, which was significantly
attenuated by HU-910 3 mg-kg™' i.p. (Figure 6). Pretreatment
with the CB, receptor antagonist SR144528 (3 mg-kg™ i.p.)
almost completely prevented the effect of HU-910 seen on
hepatic neutrophil infiltration. Vehicle or HU-910 treatment
in the sham animals had no effect on liver MPO staining.
A similar histological profile was seen throughout the group
(n = 3-95).

HU-910 attenuates the hepatic
pro-inflammatory chemokine, cytokine and
adhesion molecule expression induced by I/R
I/R greatly increased the expression of mRNA of pro-
inflammatory chemokines CCL3, CXCL2 and CCL2
(Figure 7A-C), the pro-inflammatory cytokine TNF-a
(Figure 8A) and the adhesion molecule ICAM-1 (Figure 8B) in
liver tissue as documented by real-time PCR, which was
attenuated by HU-910 (3 mg-kg' i.p.) given before the
ischaemia (Figures 7 and 8). Hepatic TNF-o,, CCL3, CXCL2
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Figure 6

HU-910 attenuates the ischaemia/reperfusion (I/R)-induced
increased neutrophil infiltration. (A) Myeloperoxidase (MPO) stain-
ing (brown) of representative liver sections of sham mice treated with
vehicle (Sham), and mice exposed to 1 h of ischaemia followed by
24 h of reperfusion treated with vehicle (I/R) or HU-910 3 mg-kg™
(/R + HU-910) or combined HU-910 3 mg-kg™' and SR144528 (SR2;
3 mg-kg”'; I/R + SR2 + HU-910) given before ischaemia. Slides were
counterstained by nuclear fast red. Note the marked attenuation of
the MPO positive neutrophil infiltration (brown staining) character-
istic of I/R 24 h by HU-910, which was largely attenuated by
SR144528 pretreatment. At this dose SR144528 alone had no effect
on I/R-induced increased MPO positive cell infiltration; neither
HU-910 nor SR144528 had effects on normal livers in which the
MPO positive infiltrating immune cells were practically absent (data
not shown). Images are 400 x magpnification. A similar histological
profile was seen in three to five livers per treatment group. (B)
Quantification of MPO staining in the liver sections. MPO positive
cells were counted at 400 x magnification and expressed as MPO
positive cells/field. Results are mean + SEM, n=4. *P < 0.05 vehicle
in sham versus I/R 24 h; #P < 0.05 I/R 24 h versus |/R + HU910 * SR2;
$P < 0.05 I/R + HU910 versus I/R + HU910 + SR2.
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Figure 7

HU-910 attenuates the ischaemia/reperfusion (I/R)-induced acute
pro-inflammatory chemokine response in the liver. Real-time PCR
shows significant increase of hepatic pro-inflammatory chemokine
CCL3 (A), CXCL2 (B), CCL2 (C) mRNA levels at 2 h of reperfusion (I/R
2 h), and a gradual decrease by 6 and 24 h (I/R 6 h and I/R 24 h).
Treatment with HU-910 at 3 mg-kg™" before ischaemia significantly
attenuates the I/R-induced increased levels of these pro-
inflammatory markers. This effect could be largely prevented by
pretreatment with SR144528 (SR2; 3 mg-kg™). Results are mean =
SEM, n=7-8. *P < 0.05 vehicle versus I/R 2, 6 or 24 h; #P < 0.05 I/R
2, 6 or 24 h versus corresponding I/R + HU-910 = SR2 mice; $P <
0.05 I/R + HU-910 versus corresponding I/R + HU-910 + SR2.

Novel CB; agonist for reperfusion injury
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Figure 8

HU-910 attenuates the ischemia/reperfusion (I/R)-induced acute pro-
inflammatory cytokine and adhesion molecule response in the liver.
Real-time PCR shows significant increase of pro-inflammatory cytok-
ine TNF-a (A), and adhesion molecule ICAM-1 (B) mRNA level at 2 h
of reperfusion (I/R 2 h), and a gradual decrease by 6 h and 24 h (I/R
6 h and I/R 24 h). Treatment with HU-910 at 3 mg-kg™' before
ischaemia significantly attenuates the I/R-induced increased levels of
these pro-inflammatory markers. This effect could be largely pre-
vented by pretreatment with SR144528 (SR2; 3 mg-kg™") Results are
mean * SEM, n = 6-8/groups. *P < 0.05 vehicle versus I/R 2, 6 or
24 h; #P < 0.05 I/R 2, 6 or 24 h versus corresponding I/R + HU-910
+ SR2 mice; $P < 0.05 I/R + HU-910 versus corresponding I/R +
HU-910 + SR2.

and CCL2 and ICAM-1 mRNA (part of the acute inflamma-
tory response orchestrated by activated Kupffer and endothe-
lial cells) were maximal at 2 h of reperfusion (Figures 7 and 8)
and decreased by 24 h of reperfusion almost to control levels.
HU-910 given before ischaemia significantly decreased the
peak values of CCL3, CXCL2 and CCL2 (Figure 7A-C), TNF-o.
(Figure 8A) and ICAM-1 (Figure 8B) mRNA in liver. These
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HU-910 attenuates the ischaemia/reperfusion (I/R)-induced increased oxidative stress and apoptotic cell death. (A) HNE adducts (a marker for lipid
peroxidation/oxidative stress); (B) Oxidative modification of proteins measured by carbonyl adducts; (C,D) hepatic caspase 3/7 activity and DNA
fragmentation (markers of apoptosis). All these markers show time-dependent increases following I/R injury peaking at 24 h of reperfusion.
3 mg-kg™ HU-910 treatment before ischaemia significantly attenuates these increases, which were mostly prevented by pretreatment with
SR144528 (SR2; 3 mg-kg™). Results are mean + SEM, n = 4-10/groups. *P < 0.05 vehicle versus I/R 2, 6 or 24 h; #P < 0.05 I/R 2, 6 or 24 h versus
corresponding I/R + HU-910 = SR2 mice; $P < 0.05 I/R + HU-910 versus corresponding I/R + HU-910 + SR2.

effects could be largely attenuated by pretreatment with the
CB, receptor antagonist SR144528 (3 mg-kg™' i.p.) (Figures 7
and 8).

HU-910 decreases the increased oxidative

stress and hepatocyte cell death induced by I/R
The rate of oxidative posttranslational modification of pro-
teins and lipid peroxidation was negligible in sham livers, as
indicated by the low level of carbonyl adducts and HNE. We
found a time-dependent increase in HNE peaking at 24 h of

2472 British Journal of Pharmacology (2012) 165 2462-2478

reperfusion, which was significantly attenuated by HU-910
(3 mg-kg? i.p.) (Figure 9A). Hepatic content of carbonyl
adducts also peaked at 24 h of reperfusion, which was signifi-
cantly attenuated by HU-910 (3 mg-kg™' i.p.) (Figure 9B).

Apoptotic cell death in the liver following I/R was evalu-
ated by monitoring caspase 3/7 activity and DNA fragmenta-
tion (Figure 9C,D). All markers of cell death in the liver were
markedly increased at 24 h of reperfusion following 60 min
of ischaemia. HU-910 (3 mg-kg™ i.p.) significantly attenuated
the increase of both markers (Figure 9C,D).
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Figure 10
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I/IR+HU-910

HU-910 treatment (administered after ischaemia) attenuates histological damage at 24 h following ischaemia. (A) Haematoxylin and eosin staining
of representative liver sections of mice exposed to 1 h of ischaemia followed by 24 h of reperfusion treated right after the induction of the
ischaemia with vehicle [ischaemia/reperfusion (I/R) 24 h] or HU-910 at 3 mg-kg™ (I/R + HU-910). Images are at 400 x magnification. A similar
histological profile was seen in three to five livers/group. (B) Myeloperoxidase (MPO) staining (brown) of representative liver sections of mice
exposed to 1 h of ischaemia followed by 24 h of reperfusion treated immediately after the induction of the ischaemia with vehicle (I/R 24 h) or
HU-910 at 3 mg-kg™ (I/R + HU-910). Images are at 400 x magnification. A similar histological profile was seen in three to five livers per treatment

group.

All effects of HU-910 on oxidative and cell death markers
were largely prevented by the CB, receptor antagonist
SR144528 (3 mg-kg' i.p.) (Figure 9A-D).

HU-910 treatment (administered after
ischaemia) attenuates histological damage,
oxidative stress, cell death and acute
pro-inflammatory response following hepatic
ischaemia-repergsion injury

I/R induced marked coagulation necrosis (lighter areas, with
marked inflammatory cell infiltration), which was dramati-
cally reduced and became more focal in mice treated with
HU-910 (3 mg-kg™" given immediately after the ischaemic
period) (Figure 10A). HU-910 also attenuated the observed
increase in infiltrating MPO-positive immune cells (brown
staining) after 24 h of reperfusion in vehicle-treated animals
(Figure 10B), and also the markers of oxidative stress (protein

carbonyl, HNE) and apoptotic cell death (caspase 3/7 activity
and DNA fragmentation) (Figure 11A-D).

Furthermore, HU-910 (3 mg-kg™'; administered immedi-
ately after the ischaemic period) was also able to attenuate
the increased expression of mRNA of CCL3, CXCL2 and
CCL2 (Figure 12A-C), of the adhesion molecule ICAM-
1 (Figure 12D) and of TNF-o. (Figure 12E), after 6 h of
reperfusion.

Only the higher dose of HU-910 (10 mg-kg™") was able to
improve the histopathological injury and attenuate the neu-
trophil infiltration when it was given 1 h after the ischaemic
period (data not shown).

HU-910 attenuates the TNF-o production in
mouse Kupffer cells induced by LPS

Because the acute inflammatory response in the liver is
orchestrated mainly by activated Kupffer and endothelial
cells, which express CB, receptors (Rajesh et al., 2007; Hall
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Figure 11

HU-910 treatment (administered after ischaemia) attenuates oxida-
tive stress and cell death at 24 h following ischaemia. Ischaemia/
reperfusion (I/R) induced significant increases at 24 h of reperfusion
in hepatic oxidative stress markers [protein carbonyl (A) and HNE (B)]
and apoptosis [caspase 3/7 activity (C) and DNA fragmentation (D)],
which were attenuated by HU-910 3 mg-kg™ given right after the
induction of ischaemia. Results are mean *+ SEM, n=5-6. *P < 0.05
vehicle versus I/R 24 h; #P < 0.05 I/R 24 h versus corresponding I/R
+ HU-910.

et al., 2010; Pacher and Mechoulam, 2011), we also tested the
concentration-dependent effect of HU-910 on inflammatory
responses of these cell types. Kupffer cells were isolated from
mice as described in the Methods section, and then treated
with bacterial LPS (100 ng-mL™) in the presence or absence of
HU-910 (10 nM-10 uM), and the CB, receptor antagonist
SR144528 (1-6 uM). As shown in Figure 13, LPS treatment
drastically enhanced TNF-a production in Kupffer cells,
which was attenuated in a concentration-dependent manner
by HU-910. The effect of 3 uM HU-910 was largely prevented
by pretreatment with the CB, receptor antagonist SR144528
at 1 puM. Interestingly, higher concentrations of SR144528 by
themselves attenuated the TNF-o production induced by LPS,
indicating a non-specific effect at these concentrations. Addi-
tion of vehicle, HU-910 (10 uM) or SR144528 (1 uM) had no
effect on the negligible baseline TNF-o levels in unstimulated
Kupfter cells.

HU-910 attenuates the adhesion molecules
expression in HLSEC induced by TNF-o
Treatment of HLSEC cells with TNF-o (50 ng-mL™) for 6 h
markedly enhanced the production of the adhesion mol-
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ecules, ICAM-1 and VCAM-1 (Figure 14). This was inhibited
when cells were treated with HU-910 (10 nM-3 uM). The
effect of HU-910 (3 uM) was largely attenuated by pretreat-
ment with the CB, receptor antagonist SR144528 at 1 uM.
Vehicle, HU-910 (3 uM) or SR144528 (1 uM) had no effect on
baseline TNF-a levels in unstimulated HLSEC.

Discussion

In the current study, using various in vitro assays we have
demonstrated that HU-910 was a potent agonist of CB, recep-
tors. In these in vitro assays, the pharmacological properties of
HU-910 on CB, receptors were similar to those of HU-308
(Hanus et al., 1999) and JWH-133 (Huffman, 2005; Pertwee,
2005). However, HU-910 had greater in vivo efficacy com-
pared with the two earlier CB, receptor agonists, by at least
one order of magnitude, in terms of attenuating acute and
delayed inflammatory response and interrelated oxidative
stress and cell death in a murine model of hepatic I/R (Batkai
et al., 2007; Rajesh et al., 2007), which is at least in part
mediated by activation of CB, receptors. We also showed that
HU-910 attenuated LPS-triggered TNF-o. production in iso-
lated Kupffer cells, and the expression of adhesion molecules
in primary HLSEC stimulated with TNF-c.

I/R injury in the liver is a common complication of pro-
longed surgical procedures, liver transplantation and circula-
tory shock. The initial damage is inflicted by a sequence of
events, when the liver is transiently deprived of its blood
supply followed by reoxygenation. These include acute gen-
eration of reactive oxygen and nitrogen species from the
activation of various cellular and subcellular sources, such as
xanthine oxido-reductases and mitochondria (Engerson
et al., 1987; Pacher et al., 2006)] during the early reperfusion
leading to increased lipid peroxidation, oxidative modifica-
tion of key proteins involved in cell survival or death, energy
metabolism or energy supply (Moon et al., 2008), and oxida-
tive DNA damage (Gero and Szabo, 2006; Jaeschke, 2003).
The first line of defence against tissue injury is provided by
the endothelial cells which respond to oxidative stress by
activation, resulting in release of various inflammatory
mediators and increased expression of adhesion molecules.
In concert with the endothelial cell activation, the resident
macrophages of the liver, the Kupffer cells, are also rapidly
activated by reperfusion, generating large amounts of pro-
inflammatory chemokines and cytokines which prime and
facilitate the recruitment of neutrophils and other inflamma-
tory cells into the liver vasculature upon reperfusion. The
inflammatory cells attached to the activated endothelium
release more reactive oxidants and pro-inflammatory media-
tors resulting in endothelial dysfunction and disruption of
the endothelial barrier. Through the damaged endothelium,
inflammatory cells can transmigrate to the parenchyma and
attach to and damage hepatocytes by releasing proteolytic
enzymes and oxidants, ultimately leading to cell death (both
apoptotic and necrotic) and organ failure (Jaeschke, 2006;
Pacher and Hasko, 2008).

Consistent with earlier reports (Moon et al., 2008; Abe
et al., 2009; Mukhopadhyay et al., 2011b), we found that the
acute inflammatory response in our hepatic I/R model peaked
between 2 and 6 h of reperfusion, with marked increases (up
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HU-910 (administered after ischaemia) attenuates the ischaemia/reperfusion (I/R)-induced pro-inflammatory response in the liver at 6 h following
ischaemia. Real-time PCR shows significant increase of mRNA for chemokines CCL3 (A), CXCL2 (B), CCL2 (C), adhesion molecule ICAM-1 (D), and
pro-inflammatory cytokine TNF-o. (E) at 6 h of reperfusion (I/R 6 h). Treatment with HU-910 3 mg-kg™' given immediately after the induction of
the ischaemia significantly attenuates the I/R-induced increased levels of these inflammatory markers. Results are mean + SEM, n=6-8. *P < 0.05
vehicle versus I/R 6 h; #P < 0.05 I/R 6 h versus corresponding I/R + HU-910.

to over 30-fold) in mRNA for TNF-o, CCL3, CXCL2 and CCL2
and ICAM-1 in liver, which declined thereafter by 24 h of
reperfusion (Moon et al., 2008; Abe etal., 2009; Mukho-
padhyay etal., 2011b). The peak hepatocyte necrosis
occurred at 6 h of reperfusion (indicated by peak elevations of
serum ALT and AST levels), which gradually returned close to
normal levels by 24 h of reperfusion, indicating that the
predominant type of cell death at the earlier time points of
reperfusion is necrotic. As the chronic inflammatory reaction
develops (from 12 h of reperfusion), the histological picture
of post-ischaemic hepatic morphology at 24 h of reperfusion

is characterized by marked coagulation necrosis (lighter areas)
with massive inflammatory MPO-positive neutrophil cell
infiltration (Figures 5, 6 and 10), which parallels with
increases in oxidative stress (indicated by HNE and protein
carbonyl levels) and apoptotic cell death (caspase 3/7 activity
and DNA fragmentation).

There is considerable interest in the development of novel
selective CB, receptor agonists, which lack the psychoactive
properties of CB; receptor agonists, for the treatment of
various inflammatory and other disorders (Pacher and
Mechoulam, 2011). As mentioned earlier, numerous recent
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Figure 13

HU-910 attenuates lipopolysaccharide (LPS)-induced TNF-o secre-
tion in Kupffer cells. HU-910 (10 nM-10 uM) attenuates LPS-induced
TNF-a secretion of Kupffer cells in a concentration-dependent
manner. The CB, receptor antagonist SR144528 (SR2; 1 uM) attenu-
ates the effects of 3 uM of HU-910. At higher concentrations
SR144528 alone also shows some inhibitory effect on LPS-induced
TNF-0, secretion. Results are mean = SEM, n = 6. *P < 0.05 vehicle
(Veh) versus LPS (100 ng-mL™); #P < 0.05 LPS versus LPS + HU-910
+ SR2; $P < 0.05 LPS + HU-910 3 uM versus LPS + HU-910 = SR2.

studies using potent CB, receptor agonists and/or knockout
mice have provided compelling evidence that CB, receptor
activation is protective against myocardial (Montecucco
et al., 2009), cerebral (Zhang et al., 2007; 2009a,b; Murikinati
etal.,, 2010) and hepatic (Batkai et al., 2007; Rajesh et al.,
2007) I/R injuries by decreasing the endothelial cell
activation/inflammatory response [e.g. expression of adhe-
sion molecules, secretion of chemokines (Batkai et al., 2007;
Rajesh et al., 2007)], and by attenuating the leukocyte chemo-
taxis, rolling, adhesion to endothelium, activation and
transendothelial migration, and interrelated oxidative/
nitrosative damage (Pacher and Hasko, 2008; Zhang et al.,
2009a).

In agreement with the above mentioned reports, we
found that the peak elevations of serum liver transaminases
(ALT/AST) occurred at 6 h following reperfusion (Figure 2),
and were dose-dependently (1-10 mg-kg') attenuated by
HU-910 given before the induction of I/R. 1 mgkg' of
HU-910 was sufficient to achieve similar or greater protection
(as shown by decreases in I/R-induced elevated serum ALT/
AST) during hepatic I/R injury, compared with the effects
reported with HU-308 and JWH-133 at doses of 10 and
20 mg-kg' (Batkai et al.,, 2007; Rajesh et al., 2007) respec-
tively. The selected optimal dose (3 mg-kg™") for mechanistic
studies significantly decreased tissue oxidative stress (HNE
and carbonyl adducts), ameliorated acute and chronic
hepatic inflammatory responses (CCL3, CXCL2 and CCL2,
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Figure 14

HU-910 attenuates the TNFo-induced adhesion molecules expres-
sion in human liver sinusoidal endothelial cells (HLSEC). Treatment of
HLSEC cells with 50 ng-mL™" TNF-a for 6 h, markedly enhances the
expression of adhesion molecules such as ICAM-1 and VCAM-1.
HU-910 concentration-dependently (1 nM-10 uM) attenuates this
enhanced expression of adhesion molecules ICAM-1 (A) and VCAM-1
(B). The CB, receptor antagonist SR144528 (SR2; 1 uM) attenuates
this effect of HU-910 on adhesion molecule expression. Results are
mean * SEM, n = 5-6/group. *P < 0.05 vehicle (Veh) versus TNF-a
(50 ng-mL™"); #P < 0.05 TNF-o versus TNF-o + HU-910 = SR2; $P <
0.05 TNF-o. + HU-910 3 uM versus TNF-o. + HU-910 = SR2.

TNF-0, ICAM-1/CD54 mRNA levels and tissue neutrophil
infiltration), and both necrotic (ALT/AST levels and coagula-
tion necrosis) and apoptotic (caspase 3/7 activity, DNA frag-
mentation) cell death at various relevant (2, 6 and/or 24 h



following ischaemia) time points. Furthermore, HU-910
concentration-dependently  attenuated theLPS-triggered
TNF-o production in isolated Kupffer cells, and expression of
adhesion molecules in primary HLSEC stimulated with
TNF-a.. These beneficial effects of HU-910 (3 mg-kg') were
largely attenuated by the CB, receptor antagonist/inverse
agonist SR144528 (3 mg-kg™), which had no significant effect
on I/R injury or the inflammatory response by itself; indicat-
ing that these effects were, at least in part, mediated by CB,
receptor activation. The fact that the effect of the highest
dose of HU-910 used (10 mg-kg™') was only partially attenu-
ated by SR144528 could indicate some protective effects of
the compound wunrelated to CB, receptor activation.
However, the absence of the complete reversal can also be
explained by the existence of non-specific anti-inflammatory
effects of SR144528. This is also supported by aggravated
hepatic I/R injury in CB, knockout mice compared with their
wild-type littermates, which cannot be mimicked by pretreat-
ment of mice exposed to hepatic I/R with SR144528 at
3 mg-kg' i.p. However, this dose of SR144528 was able to
attenuate the protective effect of CB2 agonist JWH-133 given
at 20 mg-kg™' i.p. (Batkai et al., 2007). Pretreatment with the
CB, receptor antagonist SR141716 (rimonabant) did not
prevent the protective effect of HU-910 on liver necrosis; in
fact, it reduced the serum ALT/AST levels by itself, an effect
more pronounced when HU-910 was given in combination
with SR141716. The protective effect of the CB, receptor
antagonist/inverse agonist on hepatic I/R injury described in
our current report is in agreement with the protection
observed in a model of rat liver I/R complicated with endot-
oxaemia (Caraceni et al., 2009) and in other models of I/R
injury (Pacher and Hasko, 2008; Zhang et al., 2009b), as well
as with the proposition of combining CB; antagonists with
CB, receptor agonists for the treatment of reperfusion injury
(Pacher and Hasko, 2008; Zhang et al., 2009b). Importantly,
some of the protective effects of HU-910 also persisted when
it was administered either at the beginning of the reperfusion
or 1 h after the ischaemic episode (see Figures 4 and 10-12
and Results).

Collectively, our results suggest that HU-910 is a novel
CB; receptor agonist which may exert protective effects in
various diseases associated with inflammation and tissue
injury. Its greater efficacy in vivo, despite similar pharmaco-
logical properties in vitro on CB, receptors to HU-308 or
JWH-133, could be explained, at least in part, by its better
penetration to injured tissues, or perhaps some additional
beneficial properties unrelated to CB, receptor activation,
which together with its therapeutic window should be
explored in the future studies. The beneficial effects of
HU-910 against hepatic I/R injury are particularly exciting,
because CB, receptors are emerging as important targets in
various liver (Lotersztajn et al., 2008; Pacher and Gao, 2008)
and other (Pacher and Mechoulam, 2011) diseases and their
complications, and may also be crucial in liver regeneration
(Teixeira-Clerc et al., 2010).
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